A new mean-field theory of turbulent convection is developed by considering only the small-scale part of spectra as "turbulence" and the large-scale part, as a "mean flow", which includes both regular and semi-organized motions. The developed theory predicts the convective wind instability in a shear-free turbulent convection. This instability causes formation of large-scale semi-organized fluid motions in the form of cells or rolls. Spatial characteristics of these motions, such as the minimum size of the growing perturbations and the size of perturbations with the maximum growth rate, are determined. This study predicts also the existence of the convective shear instability in a sheared turbulent convection. This instability causes generation of convective shear waves which have a nonzero hydrodynamic helicity. Increase of shear promotes excitation of the convective shear instability. Applications of the obtained results to the atmospheric turbulent convection and the laboratory experiments on turbulent convection are discussed. This theory can be applied also for the describing a mesogranular turbulent convection in astrophysics.
I. INTRODUCTION
In the last decades it has been recognized that the very high Rayleigh number convective boundary layer (CBL) has more complex nature than might be reckoned. Besides the fully organized component naturally considered as the mean flow and the chaotic smallscale turbulent fluctuations, one more type of motion has been discovered, namely, long-lived large-scale structures, which are neither turbulent nor deterministic (see, e.g., [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] ). These semi-organized structures considerably enhance the vertical transports and render them essentially non-local in nature. In the atmospheric shear-free convection, the structures represent three-dimensional Benard-type cells composed of narrow uprising plumes and wide downdraughts. They embrace the entire convective boundary layer (∼ 2 km in height) and include pronounced large-scale (∼ 5 km in diameter) convergence flow patterns close to the surface (see, e.g., [1, 2] , and references therein). In sheared convection, the structures represent CBL-scale rolls stretched along the mean wind. Lifetimes of the semi-organized structures are much larger than the turbulent time scales. Thus, these structures can be treated as comparatively stable, quasi-stationary motions, playing the same role with respect to small-scale turbulence as the mean flow.
In a laboratory turbulent convection several organized features of motion, such as plumes, jets, and the largescale circulation, are known to exist. The experimentally observed large-scale circulation in the closed box with a heated bottom wall (the Rayleigh-Benard apparatus) is often called the "mean wind" (see, e.g., [15, 16, 17, 18, 19, 20, 21, 22] , and references therein). There are several unsolved theoretical questions concerning these flows, e.g., how do they arise, and what are their characteristics and dynamics.
In spite of a number of studies, the nature of large-scale semi-organized structures is poorly understood. The Rayleigh numbers, Ra, based on the molecular transport coefficients are very large (of the order of 10 11 − 10 13 ). This corresponds to fully developed turbulent convection in atmospheric and laboratory flows. At the same time the effective Rayleigh numbers, Ra (eff) , based on the turbulent transport coefficients (the turbulent viscosity and turbulent diffusivity) are not high, e.g., Ra
(eff) ∼ Ra/(RePe), where Re and Pe are the Reynolds and Peclet numbers, respectively. They are less than the critical Rayleigh numbers required for the excitation of largescale convection. Hence the emergence of large-scale convective flows (which are observed in the atmospheric and laboratory flows) seems puzzling.
The main goal of this study is to suggest a mechanism for excitation of large-scale circulations (large-scale con-vection). In particular, in the present paper we develop a new mean-field theory of turbulent convection by considering only the small-scale part of spectra as "turbulence" and the large-scale part, as a "mean flow", which includes both, regular and semi-organized motions. We found a convective wind instability in a shear-free turbulent convection which results in formation of large-scale semi-organized fluid motions in the form of cells or rolls (convective wind). We determined the spatial characteristics of these motions, such as the minimum size of the growing perturbations and the size of perturbations with the maximum growth rate. In addition, we studied a convective shear instability in a sheared turbulent convection which causes a generation of convective shear waves. We analyzed the relevance of the obtained results to the turbulent convection in the atmosphere and the laboratory experiments.
Traditional theoretical models of the boundary-layer turbulence, such as the Kolmogorov-type closures and similarity theories (e.g., the Monin-Obukhov surfacelayer similarity theory) imply two assumptions: (i) Turbulent flows can be decomposed into two components of principally different nature: fully organized (meanflow) and fully turbulent flows. (ii) Turbulent fluxes are uniquely determined by the local mean gradients. For example, the turbulent flux of entropy is given by
(see, e.g., [23] ), where κ T is the turbulent thermal conductivity,S is the mean entropy, u and s are fluctuations of the velocity and entropy. However, the mean velocity gradients can affect the turbulent flux of entropy. The reason is that additional essentially non-isotropic velocity fluctuations can be generated by tangling of the mean-velocity gradients with the Kolmogorov-type turbulence. The source of energy of this "tangling turbulence" is the energy of the Kolmogorov turbulence.
In the present paper we showed that the tangling turbulence can cause formation of semi-organized structures due to excitation of large-scale instability. The tangling turbulence was introduced by Wheelon [24] and Batchelor et al. [25] for a passive scalar and by Golitsyn [26] and Moffatt [27] for a passive vector (magnetic field). Anisotropic fluctuations of a passive scalar (e.g., the number density of particles or temperature) are generated by tangling of gradients of the mean passive scalar field with random velocity field. Similarly, anisotropic magnetic fluctuations are excited by tangling of the mean magnetic field with the velocity fluctuations. The Reynolds stresses in a turbulent flow with a mean velocity shear is another example of a tangling turbulence. Indeed, they are strongly anisotropic in the presence of shear and have a steeper spectrum (∝ k −7/3 ) than a Kolmogorov turbulence (see, e.g., [28, 29, 30, 31] ). The anisotropic velocity fluctuations of tangling turbulence were studied first by Lumley [28] . This paper is organized as follows. In Section II we described the governing equations and the method of the derivations of the turbulent flux of entropy and Reynolds stresses. In Section III using the derived mean field equations we studied the large-scale instability in a shearfree turbulent convection which causes formation of semiorganized fluid motions in the form of cells. In Section IV the instability in a sheared turbulent convection is investigated and formation of large-scale semi-organized rolls is described. Application of the obtained results for the analysis of observed semi-organized structures in the atmospheric turbulent convection is discussed in Section V.
II. THE GOVERNING EQUATIONS AND THE METHOD OF THE DERIVATIONS
Our goal is to study the tangling turbulence, in particular, an effect of sheared large-scale motions on a developed turbulent stratified convection. To this end we consider a fully developed turbulent convection in a stratified non-rotating fluid with large Rayleigh and Reynolds numbers. The governing equations read:
where v is the fluid velocity with ∇ · v = Λ · v, g is the acceleration of gravity, ρ 0 f ν (v) is the viscous force, F κ (S) is the heat flux that is associated with the molecular heat conductivity κ, Λ = −ρ −1 0 ∇ρ 0 is the density stratification scale, and N b = (γP 0 ) −1 ∇P 0 − ρ −1 0 ∇ρ 0 . The variables with the subscript "0" correspond to the hydrostatic equilibrium ∇P 0 = ρ 0 g, and T 0 is the equilibrium fluid temperature, S = P/γP 0 − ρ/ρ 0 are the deviations of the entropy from the hydrostatic equilibrium value, P and ρ are the deviations of the fluid pressure and density from the hydrostatic equilibrium. Note that the variable S = Θ/Θ 0 , where Θ is the potential temperature which is used in atmospheric physics. The BruntVäisälä frequency, Ω b , is determined by the equation Ω 2 b = −g · N b . In order to derive Eq. (2) we used an identity:
, where we assumed that |P N b /ρ 0 | ≪ |gS| and |P N b /ρ 0 | ≪ |∇(P/ρ 0 )|. This assumption corresponds to a nearly isentropic basic reference state when N b is very small. For the derivation of this identity we also used the equation for the hydrostatic equilibrium. Equations (2) and (3) are written in the Boussinesq approximation for ∇ · v = 0.
A. Mean field approach
We use a mean field approach whereby the velocity, pressure and entropy are separated into the mean and fluctuating parts: v =Ū + u, P =P + p, and S = S + s, the fluctuating parts have zero mean values,Ū = v ,P = P andS = S . Averaging Eqs. (2) and (3) over an ensemble of fluctuations we obtain the mean-field equations:
where ρ 0fν (Ū) is the mean molecular viscous force, F κ (Ū,S) is the mean heat flux that is associated with the molecular thermal conductivity. In order to derive a closed system of the mean-field equations we have to determine the mean-field dependencies of the Reynolds stresses f ij (Ū,S) = u i (t, x)u j (t, x) and the flux of en-
. To this end we used equations for the fluctuations u(t, r) and s(t, r) which are obtained by subtracting equations (4) and (5) for the mean fields from the corresponding equations (2) and (3) for the total fields:
where
are the nonlinear terms which include the molecular dissipative terms.
B. Method of derivations
By means of Eqs. (6) and (7) we determined the dependencies of the second moments f ij (Ū,S) and Φ i (Ū,S) on the mean-fieldsŪ andS. The procedure of the derivation is outlined in the following (for details see Appendix A).
(a). Using Eqs. (6) and (7) we derived equations for the following second moments:
whereL(a, b) = a(k)b(−k) , ω = (∇×u) z , the acceleration of gravity g is directed opposite to the z axis.
Here we used a two-scale approach. This implies that we assumed that there exists a separation of scales, i.e., the maximum scale of turbulent motions l 0 is much smaller then the characteristic scale of inhomogeneities of the mean fields. Our final results showed that this assumption is indeed valid. The equations for the second moments (8)- (10) are given by Eqs. (A15), (A16) and (A21)-(A23) in Appendix A. In the derivation we assumed that the inverse density stratification scale Λ 2 ≪ k 2 . (b). The derived equations for the second moments contain the third moments, and a problem of closing the equations for the higher moments arises. Various approximate methods have been proposed for the solution of problems of this type (see, e.g., [23, 32, 33] ). The simplest procedure is the τ approximation which was widely used for study of different problems of turbulent transport (see, e.g., [32, 34, 35, 36] 
where the superscript (0) corresponds to the background turbulent convection (i.e., a turbulent convection with ∇ iŪj = 0), and τ (k) is the characteristic relaxation time of the statistical moments. Note that we applied the τ -approximation (11) only to study the deviations from the background turbulent convection which are caused by the spatial derivatives of the mean velocity. The background turbulent convection is assumed to be known. The τ -approximation is in general similar to Eddy Damped Quasi Normal Markowian (EDQNM) approximation. However there is a principle difference between these two approaches (see [32, 33] ). The EDQNM closures do not relax to the equilibrium, and this procedure does not describe properly the motions in the equilibrium state. Within the EDQNM theory, there is no dynamically determined relaxation time, and no slightly perturbed steady state can be approached [32] . In the τ -approximation, the relaxation time for small departures from equilibrium is determined by the random motions in the equilibrium state, but not by the departure from equilibrium [32] . Analysis performed in [32] showed that the τ -approximation describes the relaxation to the equilibrium state (the background turbulent convection) more accurately than the EDQNM approach.
(c). We assumed that the characteristic times of variation of the second moments f ij (k), Φ i (k), . . . , H(k) are substantially larger than the correlation time τ (k) for all turbulence scales. This allowed us to determine a stationary solution for the second moments
(d). For the integration in k-space of the second moments f ij (k), Φ i (k), . . . , H(k) we have to specify a model for the background turbulent convection. Here we used the following model of the background turbulent convection which is discussed in more details in Appendix B:
is the degree of anisotropy of the turbulent velocity field u = u ⊥ + u z e, α is the degree of anisotropy of the turbulent flux of entropy (see below and Appendix B),
⊥ , e ij = e i e j , e is the unit vector directed along the z axis. Here
1−q , 1 < q < 3 is the exponent of the kinetic energy spectrum (q = 5/3 for Kolmogorov spectrum), k 0 = 1/l 0 , and l 0 is the maximum scale of turbulent motions, τ 0 = l 0 /u 0 and u 0 is the characteristic turbulent velocity in the scale l 0 . Motion in the background turbulent convection is assumed to be non-helical. In Eqs. (12) and (13) we neglected small terms ∼ O(Λf * ; ∇f * ) and ∼ O(ΛΦ * ; ∇Φ * ), re-
ij (k) dk using Eq. (12):
Note that
The parameter α can be presented in the form
where l ⊥ and l z are the horizontal and vertical scales in which the correlation function Φ
z (r) = s(x) u(x + r) tends to zero (see Appendix B). The parameter ξ describes the degree of thermal anisotropy. In particular, when l ⊥ = l z the parameter ξ = 0 and α = 1. For l ⊥ ≪ l z the parameter ξ = −1 and α = −3/(q−1). The maximum value ξ max of the parameter ξ is given by ξ max = q − 1 for α = 3. Thus, for α < 1 the thermal structures have the form of column or thermal jets (l ⊥ < l z ), and for α > 1 there exist the ''pancake" thermal structures (l ⊥ > l z ) in the background turbulent convection. For statistically stationary small-scale turbulence the degree of anisotropy of turbulent velocity field varies in the range
The negative (positive) degree of anisotropy ε of a turbulent velocity field corresponds to that the vertical size of turbulent eddies in the background turbulent convection is larger (smaller) than the horizontal size.
(e). In order to determine values f * , Φ * and H * in the background turbulent convection we used balance equations (A5)-(A7) for the second moments (see Appendix A).
C. Turbulent flux of entropy
The procedure described in this Section allows us to determine the Reynolds stresses and turbulent flux of entropy which are given by Eqs. (A33) and (A34) in Appendix A, where we considered the case ∇ ·Ū = 0. In particular, the formula for turbulent flux of entropy reads:
It is shown below that the first and the second terms in Eq. (22) are responsible for the large-scale convective wind instability in a shear-free turbulent convection (see Section IV), while the third term in the turbulent flux of entropy (22) causes the convective shear instability (see Section V).
The turbulent flux of entropy can be obtained even from simple symmetry reasoning. Indeed, this flux can be presented as a sum of two terms: su = Φ * i + β ijk ∇ jŪk , where Φ * determines the contribution of the Kolmogorov turbulence and it is independent of ∇ iŪj , whereas the second term is proportional to ∇ iŪj and describes the contribution of the tangling turbulence. Here β ijk is an arbitrary true tensor andŪ is the mean velocity. Using the identity ∇ jŪi = (δŪ) ij − (1/2)ε ijkωk , the turbulent flux of entropy becomes
where (δŪ) ij = (∇ iŪj + ∇ jŪi )/2,ω = ∇×Ū is the mean vorticity, and ε ijk is the fully antisymmetric LeviCivita tensor. In Eq. (23), η ij is a symmetric pseudotensor, δ is a true vector, µ ijk is a true tensor symmetric in the last two indexes, Φ ≡ su and Φ * are true vectors. The tensors η ij , µ ijk and the vector δ can be constructed using two vectors: Φ * and the vertical unit vector e. For example, η ij = 0, δ = A 1 Φ * + A 2 Φ * z e, and µ ijk = A 3 Φ * z e ijk + A 4 Φ * i e jk , where A k are the unknown coefficients and e ijk = e i e j e k . This yields the following expression for the turbulent flux of entropy in a divergence-free mean velocity field:
whereŪ =Ū ⊥ +Ū z e, Φ * = Φ * z e andω =ω z e. Equations (22) and (24) coincide if one sets A 1 = τ 0 (q + 1)/5, A 2 = τ 0 (q + 1)(α − 3/2)/15, A 3 = τ 0 α(q + 1)/3, and
is the imposed horizontal large-scale flow velocity (e.g., a wind velocity).
III. CONVECTIVE WIND INSTABILITY IN A SHEAR-FREE TURBULENT CONVECTION
In this section we studied the mean-field dynamics for a shear-free turbulent convection. We showed that under certain conditions a large-scale instability is excited, which causes formation of large-scale semiorganized structures in a turbulent convection.
The mean-field dynamics is determined by Eqs. (4) and (5). To study the linear stage of an instability we derived linearized equations for the small perturbations from the equilibrium,Ū
where f
ij and the Reynolds stresses f ij are given by Eqs. (A33) in Appendix A,
Equation (29) follows from Eqs. (A6) and (A7).
A. The growth rate of convective wind instability
Let us consider a shear-free turbulent convection (∇ iŪ (0) j = 0) with a given vertical flux of entropy Φ (eq) z e. We also consider an isentropic basic reference state, i.e., we neglect terms which are proportional to (N b + ∂S (eq) /∂z)Ū
(1) z in Eq. (27) . We seek for a solution of Eqs. (25)- (27) in the form ∝ exp(γ inst t+iK·R), where K is the wave vector of small perturbations and γ inst is the growth rate of the instability. Thus, the growth rate of the instability is given by
gτ 0 /f * , and θ is the angle between e and the wave vector K of small perturbations. Here we used that in equilibrium Φ (eq) z = Φ * z . When β ≫ 1 the growth rate of the instability is given by
Thus for large β the growth rate of the instability is proportional to the wave number K and the instability occurs when α(5 cos 2 θ − 1) > 3/2. This yields two ranges for the instability:
where we took into account that the parameter α varies in the interval −3/(q − 1) < α < 3 (see Appendix B). The first range for the instability in Eq. (33) is for the angles 3/10 ≤ cos 2 θ ≤ 1 (for q = 5/3, the aspect ratio 0 < L z /L ⊥ < 1.53), and the second range (34) for the instability corresponds to the angles 0 ≤ cos (33) and (34) correspond to ∇ · Φ (1) < 0. 
⊥ and we assumed that a * = 1. The threshold of the instability L cr depends on the parameter ε. For example, for α = 3 the threshold of the instability L cr varies from 3l 0 to 7l 0 (when ε changes from −1 to 5). The negative (positive) degree of anisotropy ε of turbulent velocity field corresponds to that the vertical size of turbulent eddies in the background turbulent convection is larger (smaller) than the horizontal size. The reason for the increase of the range of instability with the decrease of the degree of anisotropy ε is that the rate of dissipation of the kinetic energy of the mean velocity field decreases with decrease of ε and it causes decrease of the threshold of the instability. The instability does not occur when 1.53 < L z /L ⊥ < 2.55 for all ε. Figure 2 shows the growth rate of the instability as function of the parameter L/l 0 (FIG. 2a) and of the parameter L z /L ⊥ (FIG. 2b) for ε = 0 and α = 2 (the first range of the instability). This range of the instability corresponds to the "pancake" thermal structures of the background turbulent convection (l z /l ⊥ ≈ 2/3 for α = 2). The maximum of the growth rate of the instability (γ max ≈ 0.045 τ (27)- (28) and (32)]. On the other hand, the increase of the the mean en- tropy increases the buoyancy force ∝ gS and results in the increase of the vertical velocityŪ z ∝ τ 0 β 1/2 gS and excitation of the large-scale instability [see Eqs. (25) and (32)]. Similar phenomenon occurs in the regions with ∂Ū z /∂z < 0 whereby divŪ ⊥ > 0. This causes a downward flux of the entropy and the decrease of the mean entropy. The latter enhances the downward flow and results in the instability which causes formation of a large-scale semi-organized convective wind structure. Thus, nonzero divŪ ⊥ causes redistribution of the vertical turbulent flux of entropy and formation of regions with large vertical fluxes of entropy ( see FIG. 4) . This results in a formation of a large-scale circulation of the velocity field. This mechanism determines the first range for the instability.
The large-scale circulation of the velocity field causes a nonzero mean vorticityω, and the second term [propor- tional to (α + 3/2)(ω×Φ * )] in the turbulent flux of the entropy (22) is responsible for a formation of a horizontal turbulent flux of the entropy. This causes a decrease of the growth rate of the convective wind instability (for α > 0), because it decreases the mean entropyS in the regions with ∂Ū z /∂z > 0. The net effect is determined by a competition between these effects which are described by the first and the second terms in the turbulent flux of the entropy (22) . The latter determines a lower positive limit α min = 3/8 of the parameter α.
When α < −3/2 the signs of the first and second terms in the expression (22) for the turbulent flux of entropy change. Thus, another mechanism of the convective wind instability is associated with the second term in the expression (22) for the turbulent flux of entropy when α < −3/2. This term describes the horizontal flux of the mean entropy Φ y ∝ τ 0 (α + 3/2)(ω×Φ * ). The latter results in the increase (decrease) of the mean entropy in the regions with upward (downward) fluid flows (see 
FIG. 5).
On the other hand, the increase of the mean entropy results in the increase of the buoyancy force, the mean vertical velocityŪ z and the mean vorticityω. The latter amplifies the horizontal turbulent flux of entropy Φ y and causes the large-scale convective wind instability. This mechanism determines the second range for the convective wind instability. The first term in the turbulent flux of entropy at α < 0 causes a decrease of the growth rate of the instability because, when α < 0, it implies a downward turbulent flux of entropy in the upward flow. This decreases both, the mean entropy and the buoyancy force. Note that, when α < −3/2, the thermal structure of the background turbulence has the form of a thermal column or jets: l z /l ⊥ > 3.34. Even for α < 0, the ratio l z /l ⊥ > 1.54.
IV. CONVECTIVE SHEAR INSTABILITY
Let us consider turbulent convection with a linear shear U (0) = (λ/τ 0 ) z e y and a nonzero vertical flux of en-
e, where λ is dimensionless parameter which characterizes the shear. We also consider an isentropic basic reference state, i.e., we neglected a term which is proportional to (N b +∂S (eq) /∂z)Ū
(1) z in Eq. (27) . We seek for a solution of Eqs. (25)- (27) in the form
Here, for simplicity, we study the case K ·Ū (eq) = 0.
A. The growth rate of convective shear instability
Using a procedure similar to that employed for the analysis of the convective wind instability we found that the growth rate of the convective shear instability is determined by a cubic equation 
where C = X(c 7 − c 8 X). The instability results in generation of the convective shear waves with the frequency
The flow in the convective shear wave has a nonzero hydrodynamic helicity
Therefore, for λ > 0 the mode with K x > 0 has a negative helicity and the mode with K x < 0 has a positive helicity. Figure 6 shows the range of parameters L z /L ⊥ and L/l 0 where the convective shear instability occurs, for α = 2, ε = 0 and for different values of the shear λ = 0.05; 0.1; 0.15. There are two ranges for the instability. However, even a small shear causes an overlapping of the two ranges for the instability and the increase of shear (λ) promotes the convective shear instability.
Figures 7 and 8 demonstrate the growth rates of the convective shear instability and the frequencies of the generated convective shear waves for the first (α = 2) and the second (α = −3) ranges of the instability. The curves in FIGS. 6-8 have a point L * whereby the first derivative dγ inst /dK has a singularity. At this point there is a bifurcation which is illustrated in FIGS. 7 and 8. The growth rate of the convective shear instability is determined by the cubic algebraic equation (35) . Before the bifurcation point (L < L * ) the cubic equation has three real roots (which corresponds to aperiodic instability). After the bifurcation point (L > L * ) the cubic equation has one real and two complex conjugate roots. When L > L * the convective shear waves are generated. When the parameter L z /L ⊥ increases, the value L * decreases. When L z > L ⊥ , the bifurcation point L * < L cr . For a given parameter L/l 0 there are the lower and the upper bounds for the parameter L z /L ⊥ when the convective shear instability occurs. For large enough parameter L = L u the upper limit of the range of the instability does not exist, e.g., for λ = 0.05 the parameter L u = 47l 0 and for
Note that when L < L * the convective shear waves are not generated and the properties of the convective shear instability are similar to that of the convective wind instability ( compare FIG. 2b and the curve for L/l 0 = 6 in FIG. 8c) . However for L > L * these two instabilities are totally different. The properties of the convective shear instability in the first and in the second ranges of the instability are different. In particular, in the second range of the convective shear instability the growth rate monotonically increases, and the frequency of the generated convective shear waves decreases with the parameter L z /L ⊥ .
B. Mechanism of convective shear instability
The mechanism of the convective shear instability associated with the last term in the expression (22) for the turbulent flux of entropy [Φ ∝ τ 0 (ω ×Φ * )] is as follows.
The vorticity perturbationsω ≡ (∇×Ū) z generate perturbations of entropy:S ∝ β −1/6 (τ 0 /u 0 )Φ * y λ −2/3 exp(iπ/6)ω. Indeed, consider two vortices (say, "a" and "b" in FIG. 9 ) with the opposite directions of the vorticityω . The turbulent flux of entropy is directed towards the boundary between the vortices. The latter increases the mean entropy between the vortices ("a" and "b").
Similarly, the mean entropy between the vorticies "b" and "c" decreases ( see FIG. 9 ). Such redistribution of the mean entropy causes increase (decrease) of the buoyancy force and formation of upward (downward) flows between the vortices "a" and "b" ("b" and "c"):
Finally, the vertical flows generate vorticityω ∝ −β −1/6 λ 1/3 exp(iπ/6)Ū z /l 0 , etc. This results in the excitation of the instability with the growth rate γ inst ∝ K 2/3 and generation of the convective shear waves with the frequency Ω ∝ K 2/3 . For perturbations with K x = 0 the convective shear instability does nor occur. However, for these perturbations with K x = 0 the convective wind instability can be excited (see Section III), and it is not accompanied by the generation of the convective shear waves. We considered here a linear shear for simplicity. The equilibrium is also possible for a quadratic shear, i.e., whenŪ (0) =λz 2 e y .
V. DISCUSSION
The "convective wind theory" of turbulent sheared convection is proposed. The developed theory predicts the convective wind instability in a shear-free turbulent convection. This instability causes formation of large- This study predicts also the existence of the convective shear instability in the sheared turbulent convection. This instability causes formation of large-scale semi-organized fluid motions in the form of rolls (sometimes visualized as the boundary layer cloud streets).
The effect of a nonzeroω ×Φ * which causes a redistribution of the horizontal turbulent flux of the entropy. For two vortices ("a" and "b") with opposite directions of the vorticityω , the turbulent flux of entropy is directed towards the boundary between the vortices. The latter increases the mean entropy between the vortices ("a" and "b"). Similarly, the mean entropy between the vorticies "b" and "c" decreases.
These motions can exist in the form of generated convective shear waves, which have a nonzero hydrodynamic helicity. Increase of shear promotes excitation of the convective shear instability.
The proposed here theory of turbulent sheared convection distinguishes between the "true turbulence", corresponding to the small-scale part of the spectrum, and the "convective wind" comprising of large-scale semiorganized motions caused by the inverse energy cascade through large-scale instabilities. The true turbulence in its turn consists of the two parts: the familiar "Kolmogorov-cascade turbulence" and an essentially anisotropic "tangling turbulence" caused by tangling of the mean-velocity gradients with the Kolmogorov-type turbulence. These two types of turbulent motions overlap in the maximum-scale part of the spectrum. The tangling turbulence does not exhibit any direct energy cascade.
It was demonstrated here that the characteristic length and time scales of the convective wind motions are much larger than the true-turbulence scales. This justifies separation of scales which is required for the existence of these two types of motions. It is proposed that the term turbulence (or true turbulence) be kept only for the Kolmogorov and tangling turbulence part of the spectrum. This concept implies that the convective wind (as well as semi-organized motions in other very high Reynolds number flows) should not be confused with the true turbulence. The diagram of interactions between turbulent and mean flow objects which cause the large-scale instability and formation of semi-organized structures is shown in FIG. 10 . Now let us compare the obtained results with the properties of semi-organized structures observed in the atmospheric convective boundary layer. The semi-organized structures are observed in the form of rolls (cloud streets) or three-dimensional convective cells (cloud cells). Rolls usually align along or at angles of up to 10
• with the mean horizontal wind of the convective layer, with lengths from 
APPENDIX A: DERIVATIONS OF EXPRESSIONS FOR THE REYNOLDS STRESSES AND TURBULENT FLUX OF ENTROPY
Equations (2) and (3) yield the following conservation equations for the kinetic energy W v = ρ 0 v 2 /2, for W S = ρ 0 S 2 /2 and for W Φ = ρ 0 Sv :
S is the dissipative term, and
2 + F S is the flux. Equation (A4) does not have a source term, and this implies that without dissipation (D E = 0) the value W E dV is conserved, where in the latter formula the integration is performed over the volume. For the convection Ω 2 b < 0 and, therefore,
Using Eqs. (A1)-(A3) we derived balance equations for the second moments. In particular, averaging Eqs. (A1)-(A3) over the ensemble of fluctuations and subtracting from these equations the corresponding equations for the mean fields: ρ 0Ū 2 /2, ρ 0S 2 /2, ρ 0SŪ , yields
where Pr = ν/κ is the Prandtl number, ν is the kinematic viscosity, Ψ E = ρ 0 f pp u/2 + pu , Ψ ij = ρ 0 su i u j + δ ij (γP 0 H/2 + sp ), and we took into account that the dissipations of energy, the flux of entropy and the second moment of entropy H are determined by the background turbulent convection described by Eqs. (12)- (17) . In derivation of Eq. (A6) we used an identity
, and we assumed that S ≃ P/γP 0 , i.e., we neglected fluctuations of density ρ/ρ 0 . Equations (A5)-(A7) allow us to determine f * , Φ * and H * in the background turbulent convection (see below).
Using Eqs. (6) and (7) we derived equations for the following second moments:
where ω ≡ (∇×u) z and we use a two-scale approach, , i.e., a correlation function is written as follows
(see, e.g., [37, 38] ), where R and K correspond to the large scales, and r and k to the small scales, i.e., R = (x + y)/2, r = x − y,
. This implies that we assumed that there exists a separation of scales, i.e., the maximum scale of turbulent motions l 0 is much smaller then the characteristic scale L of inhomogeneities of the mean fields. In particular, this implies that r ≤ l 0 ≪ R. Our final results showed that this assumption is indeed valid. Now let us calculate
where we multiplied equation of motion (6) rewritten in k-space by P ij (k) = δ ij − k ij in order to exclude the pressure term from the equation of motion. Thus, equations for f ij (k, R) and Φ(k, R) read:
wherê
and hereafter we consider the case with ∇ ·Ū = 0 (i.e., Λ = 0). Here f 
where 
A nonzero gradient of the mean fluid velocity results in deviations from the background turbulent convection. These deviations are determined by the following equations:
where the deviations (caused by a nonzero gradients of the mean fluid velocity) of the functions N ij (k)−N i )/τ (k), respectively. Similarly, the deviation Q(k) − Q (0) (k) is described by the term −(H − H (0) )/τ (k). Here we assumed that the correlation time τ (k) is independent of the gradients of the mean fluid velocity.
Now we assume that the characteristic times of variation of the second moments f ij (k), Φ i (k) and H(k) are substantially larger than the correlation time τ (k) for all turbulence scales. This allows us to determine a stationary solution for the second moments f ij (k), Φ i (k) and H(k) :
where we neglected the third and higher order spatial derivatives of the mean velocity fieldŪ. For the integration in k-space of the second moments f ij (k), Φ i (k), . . . , H(k, R) we have to specify a model for the background turbulent convection. We used the model of the background turbulent convection determined by Eqs. (12)- (17) . For the integration in k-space we used identities given in Appendix C. The integration in kspace of Eqs. (A30) and (A31) yields the following equations for the Reynolds stresses and the turbulent flux of entropy: D U ≡ −(1/2)(f ij − f (0) ij )(∇ iŪj + ∇ jŪi ) , (A35) using a general form of the velocity fieldŪ i = V i (t, K) exp(iK · R), wherē
